Trigeneration produces power, heat and cooling simultaneously. It utilises the waste heat from generator for heating and generating cooling. From previous studies, it is found that some part of the waste heat recovered by the trigeneration is not being used when it is in operation. It is therefore necessary to find a way to utilise the heat. Integrating an ORC (organic Rankine cycle) system into a micro trigeneration system is studied. The waste heat recovered by the trigeneration system is utilised by the ORC system to generate electrical power. An ORC model is set up in Matlab and a micro trigeneration system based a diesel engine generator in the laboratory at Newcastle University is used as the case study. R245fa is used as the working fluid. The result showed that the ORC system may generate 0.737 kW electrical power with 9.25% efficiency at the generator full-load operation point.
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Introduction
Trigeneration system which refers to a combined heating, cooling and power system (CCHP system) is widely admitted as one of the alternative ways to solve the problem of global warming and climate change for the whole world, as its efficiency can be as high as 94% [1] . A conventional diesel generator produces electrical power in a process which consumes large amount of fuel in a low-efficiency around 20 -30%. That means around 70% -80% of energy is wasted from the exhaust system and cooling system of the engine [2] . Trigeneration systems integrate power generation with waste heat recovery system which utilises the waste heat for heating and/or cooling to make the system efficiency to be higher. But the user demands are always changeable in different seasons. For example, some extra heat has to be dumped in the summer when less heat is needed. Therefore, it is necessary to find a way to utilise the dumped heat in order to keep the trigeneration at high efficiency. Integration of a trigeneration system with a heat storage unit or a heat driven sub-system, which is driven by the extra heat from the the trigeneration, would be a solution to improve the energetic, economic and environmental performance of the trigeneration system.
A CCHP system based on a micro-gas turbine (MGT), ORC and ejector cooling system is presented by Ebrahimi, et al [3] . A function named integrated energy-exergy (IEE) was applied in the system's operation which was optimised by genetic algorithm. The final results show a 37% and 24% saving in summer and winter after a working cycle [3] . Fang [4] stated that the proper ratio of electricity to the thermal energy output was the key to optimise the system's performance. Setting the energy output ratio as an important factor, a CCHP-ORC system is developed to supply energy for a hotel in Beijing. The results showed the operation cost was much lower than conventional CCHP system [4] . An optimum design of a CCHP generation with ORC is presented by Mago [5] to access the optimum prime mover. The system used the Real Parameter Genetic Algorithm (RPGA) to adjust the energy generation ratio to supply different load demand. Another solar combined CCHP system integrated with ORC for winter and summer season's system was studied by Boyaghchi [6] . The efficiency and operation cost were the main aims of that study. After optimisation process of a genetic algorithm, both single and multi-objective optimisation improved the system's efficiency [6] .
An analysis and optimising the use of CHP-ORC system for small commercial buildings was done by Farrokhi in 2010 [7] . Research about the reducing primary energy consumption, cost and carbon dioxide emissions was presented. The load of that research was a small commercial building. In the research, the controlling method was following the electric load. The recovered exhaust heat was more than the demand which lead the ORC to generate extra electricity. Liu [8] presented experimental investigations of natural gas-fired ORC based micro-CHP system for residential buildings. The residential building was highly related to the project of this research. Experimental investigation of a natural gas-fired micro-CHP system for a residential building based on an organic Rankine cycle was done. Isopentane was the working fluid and the performance of for different heat source was evaluated. Primary tests were done in the research and the research was limited to the efficiency measures in the experimental work and the ORC has not been applied to the study of enhancing the energy supply with a residential load.
Although lots of studies have addressed on the performance of the ORC system with different working fluids under various operation conditions and a lot of successful example of CHP system integrated with ORC systems, there are still not research focusing on the small scale of trigeneration system integrated with ORC system. The aim of this research is to investigate the system performance and efficiency of a trigeneration integrated with an ORC unit. The system is based on a diesel engine; with a waste heat recovery unit integrated in it; as well as an ORC unit driven by the waste heat. R245fa is selected as working fluid in the ORC system. The novelty of this research is the combination technology of ORC system and tri generation system. Application of diesel engine's testing date makes the model has higher accuracy.
System design and modelling
Waste heat from the engine generator
As mentioned above, the primary mover of the trigeneration is a diesel generator. The specifications of the engine are shown in Table 2 . It is assumed that the waste heat from the engine is used for driving the the Characteristic value unit Table 1 Engine Specifications ORC unit, when there is no heat or cooling needed. The engine and the ORC system is assumed working in the steady state The running loads of the engine are from 10%, 25%, 50%, 75% and 100%. The relevant heat available for driving the ORC are listed in Table 2 . The waste heat recovered from the engine take 35.3% of total energy. The simulation results are validated and the error of the simulation are also listed in the Table 2 . Using the data from a diesel engine test make this validated model has higher accuracy on the simulation results prediction compared to previous models.
Selection of working fluid of the ORC system
The selection of working fluid of the ORC system is significant to the system's operations. Selection of the working fluid must concern the physical and chemical properties of the working fluid to ensure a safety operation. In case of the leaking problem caused by inappropriate operation or accidents, working fluid with low toxicity and stable physical property is recommended. There are a number of working fluids are applied in the ORC systems such as: R600, R245fa, R236fa, R601, RC318, R123, and R134a. The properties of these working fluids are summarised in Table 3 .
Although lots of studies have addressed on the performance of the ORC system with different working fluids under various operation conditions. And a lot of successful example of CHP system integrated with ORC systems. There are still not enough researches focusing on the small scale of trigeneration system integrated with ORC system. In this research of trigeneration system, the energy generator is a diesel engine. Waste heat recovery system is integrated in the system as well as the ORC system. The system recoveries the waste heat from the engine to available energy output. R245fa is selected as working fluid in the ORC system.
The design of the ORC system
The design of the ORC system is shown in Figure 1 . The heat source used to drive it (Qro) is from the exhaust gas and the coolant of the engine. The available energy recovered from waste heat is transferred by ORC system to electricity. The ORC system consists of an evaporator, a turbine, a condenser and a pump. Heat energy from exhaust energy and engine coolant water are transported into evaporator. The working fluid used is an organic component R245fa in the ORC. It has lower ebullition temperature which has lower evaporating temperature than water. The working processes are shown in Table 4 Table 3 Properties of working fluids Table 2 Engine simulation results Table 4 Operation process of the ORC system
Modelling
A Simulink model is set up in Matlab. The engine/trigeneration and the ORC system is assumed working in the steady state.
The first operation step of the ORC is the pumping process, the power output is related to the entropic efficiency which is expressed as equation below:
Where, is power of pump; mORC is the organic fluid mass flow rate; is efficiency of pump; , are the enthalpies of organic fluid at inlet and outlet of pump respectively, s represents enthalpy in isentropic case. The key parameters which have influence on the power output of the ORC are the enthalpies of working fluid and the fluid mass flow rate. The mechanical efficiency of the pump is the second factor. The pump's efficiency is calculated by the energy exported and the energy injected in. The energy source of the ORC system is the waste heat recovered by the recovery system. The thermal energy is used to heat the working fluid in the evaporator. The energy transferring process is expressed in the equation below
Where, is the heat obtained by evaporator; is the recovered thermal energy; is the evaporator effectiveness;
are the enthalpies of working fluid at outlet of the evaporator.
The energy obtained in the evaporator is related with the evaporator effectiveness and the enthalpies of the working fluid in this process. The operation process of the condenser is shown in the equation below
Where, is heat energy in the condenser; h4 is the enthalpy of working fluid at the outlet of turbine. 
Where, Wt is turbine output power; is the isentropic efficiency of turbine.
The equation below shows the overall efficiency of the ORC system.
Where, is the efficiency of the ORC cycle This simulation process is designed under sever steady state conditions. The heat losses from the pipe and the engine is ignores. The pressure at the inlet of the expander is designed as 790.8 kPa. At that operation point, the evaporating temperature of the working fluid is 80 ℃. Then condensing temperature and the heat sink temperature are set as 30 ℃. The efficiency of the pump and the expander are set as 80%.
Results and discussion
Working process of the ORC system
The specific working condition of the ORC cycle is shown in Table 5 . The exhaust enthalpy takes around 40% of the total input energy of engine. During the whole operation process, part of the energy from the waste heat is transferred to the electricity. 
Waste heat utilized by the ORC system
For investigating the operation characteristics and testing the performance of the ORC system. A Matlab simulation model is built. Based on the designed operation conditions of engine and the ORC system, the electricity output of the ORC system is measured and recorded. The energy output results shown in the figure are simulation results of the system. The Heat recovery system and the ORC system are set to operate in steady state. The specifications of the diesel engine are displayed in the Table 1 . Figure 2 shows Figure 2 ORC output electrical energy mass flow rate. The maximum power output is accessed at the rate working condition of ORC system. When the output of the ORC system accesses the maximum power, the operation speed of diesel engine is 2400 rpm and the mass flow rate is 0.18 kg/s. When the ORC system is designed to operate in a steady state, the mass flow rate of the working fluid has positive correction with the output power of the turbine. The figure above shows a higher mass flow rate leads to a higher electricity output. When the operation condition is set as steady state and the maximum power out is simulated as 0.737 kW. The efficiency of the ORC system reached the maximum point 9.25% at rated operation.
Tri generation over system performance
The operation results are shown in figure 3 . Five key parameters' value are recorded during the operation period of tri-generation system.
The electrical efficiency expressed the operation of the electric cycle. For the electric part of this system, the generator is driven by the engine offers most of the electricity. The generator could supply the electric load directly. In the distributed system, the system's energy supply capacity is limited by the generator's rated power. The system in this project combines the tri-generation system with the smart energy storage system. When the energy storage system is working, some losses are generated inevitably. However, with the assistance of the energy storage units, the system's supply capacity is expanded. Based on the simulation results, with the energy storage system, the capacity of the electric cycle expanded 47%. At the same time, the losses make the electrical efficiency drop by 3.58%.
At the same time, the combination of supercapacitor and the batteries increase the system's stability. The supercapacitors supply a large amount of energy in short time. Due to chemical reaction, the batteries need a certain time to prepare the energy's supplying. Applying this combination of energy storage units makes the system can provide a high quality of electricity. Part of the waste heat is utilized by the ORC. Part of the thermal energy transmitted to the ORC during the operation time make a certain part of the energy is reversible which increase the energy consumption efficiency. The ORC contributes around 8.91% electricity which make a 2.45%% enhancement on the system's electrical efficiency.
Besides the electricity supplying, another energy demand for this system is thermal energy. The system using the recovery waste heat to supply the thermal demand. For the heating energy demand, the high-resolution date is difficult to obtain. The energy consumption is estimated based on government's date and the household's energy consumption pattern. The thermal load is calculated around 4.6 kWh on a spring day in this case study. A large part of the waste heat is transferred to thermal energy. The thermal energy could be either stored or to be transferred to the thermal load. Part of the thermal energy is supplied to the ORC to generate heat energy and electricity. The thermal efficiency is another key parameter for examining the tri-generation system. Based on the results, the ratio of recovery heat is 41%.
Cooling energy demand in the household comes from some certain electrical appliance. Part of the waste heat is used by the absorption chiller to produce cooling energy. During the 24 hours scale, the cooling energy demand for the selected household is 0.37 KhW which could be satisfied with 9.36% recovered heating energy.
Based on the operation process expressed above, the overall efficiency could be calculated with the energy transmitted to the load side and the energy contained in the primary energy source. The overall efficiency varies in the operation and calculated as 67.1% at the end of simulation. The electrical Efficiency is 27.9% and the thermal efficiency is 44.7%. In the simulation, the engine ran 2.92 hours to supply the electrical load (3.03 kWh) and the charging of energy storage units (9.504 kWh). During the operation of the trigeneration system, there is 0.440 KWh electrical energy output from the ORC system which equal to 14.5% electrical energy demand. The net electrical energy provided by ORC system roughly cover 10% of the electrical energy demand.
Conclusions
The ORC system can be used to transfer the waste heat from a diesel engine in a trig-generation system to electricity. The ORC system has a 0.737 kW output at the engine rated point. When the electrical energy demand is high and there is no heat/cooling demand, waste heat can be transferred from ORC system to electrical power. The result shows that the transfer efficiency of recovered waste heat to electricity is 9.25% at the steady state operation condition. The amount of electricity output increase linear when the mass flow rate increases. Combined with the ORC and the heat recovery system, the tri-generation system supplies different energy product with a high efficiency. The ORC and the heat recovery system could recover the waste heat with a high efficiency, which utilizes the waste energy stored in the exhaust gas and the coolant. With the combination of the ORC and the energy storage units, novel structure makes the system be more flexible on supplying the various energy demand. The working conditions of the system are fixed. For further research, the model could be improved to dynamic model for a more detailed simulation results. Mass flow rate, working condition of pump or temperature of the working fluid could be variables in the future simulation work. This design of system could be potentially applied into energy generation plant as a part of waste heat recovery system. The results of research also helps the model building in this area.
